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ABSTRACT

Production of Synthetic Spider Silk Fibers

by

Cameron G Copeland, Doctor of Philosophy
Utah State University

Major Professor: Dr. Randolph V Lewis
Department: Biological Engineering
Orb-weaving spiders produce six different types of silks, each with unique
mechanical properties. The mechanical properties of many of these silks, in particular
the dragline silk, are of interest for various biomedical applications. Spider silk does not
elicit an immune response, making it an ideal material for several applications in the
medical field. However, spiders cannot be farmed for their silk as they are cannibalistic
and territorial. The most reasonable alternative for producing spider silk fibers is to
utilize genetic engineering to produce the proteins in a foreign host and then spin fibers
from the synthetic protein. Spider silk-like proteins have been expressed in transgenic
goats on a scale sufficient to spin synthetic fibers. To spin it, the protein is dissolved in a
solvent to create a viscous spin dope. This spin dope is extruded into a coagulation bath
where it forms a fiber. Fibers spun in this manner have poor mechanical properties and
are water soluble, unlike natural spider silk. By applying a post-spin draw, the
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mechanical properties of the fibers improve and they are no longer water soluble. This
increase occurs because β-sheets, important secondary structures, form and begin to align
parallel to the fiber axis. In previous work, post-spin draw has been applied by hand to
the fibers after initial spinning. This is not a viable method for the commercial production
of synthetic spider silk. The first aim of this research was to design, test, and optimize a
mechanical system that can create consistent, synthetic spider silk fibers. The second aim
of this research was to discover how parameters such as solvents, temperature, spinning
speed, additives, and post-spin draw, among other variables, affect the properties of
synthetic spider-silk proteins purified from goat milk. As part of this research, a
mechanical system that can perform these treatments while the fiber is being made was
designed, built and tested. This system was built with the intent to inform the creation of
a process for the creation of a synthetic on an industrial level.
(177 Pages)
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PUBLIC ABSTRACT
Production of Synthetic Spider Silk Fibers
Cameron G Copeland
Dragline spider silk is among the strongest known biomaterials. It is the silk used
for the framework of the web and it is used to catch the spider if it falls. As such, it is
stronger and much more flexible than KEVLAR©. Studies show that dragline silk is
made of two proteins, Major Ampullate Spider Proteins 1 and 2 (MaSp1 and MaSp2).
Due to its incredible mechanical properties, spider silk is being considered for use as a
new biomaterial for drug delivery and tendon and ligament replacement/repair, as well as
athletic gear, military applications, airbags, and tire cords. However, spiders can’t be
farmed. Therefore, methods of mass-producing synthetic spider silk have been
developed.
This study has created a process which can produce synthetic spider silk fibers
with the best mechanical properties reported to date. Our process has been patented and is
used to spin synthetic spider silk, silk/PHB composite fibers, silk/carbon nanotube fibers
and aqueous fibers. Changing the conditions under which we create fibers, such as the
solvent used to create the dope, the ratio of proteins used, the make-up of the stretch bath
and the amount we stretch a fiber, can change their mechanical properties. This allows us
to tailor our fibers to the application for which they are being produced.
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CHAPTER 1
LITERATURE REVIEW / RESEARCH GOALS

Spider Silk Properties and Applications
Spider silks are among the strongest fibers known to mankind. Table 1.1 shows
the highest recorded mechanical properties

Table 1.1- Comparisons of Mechanical
Propertiesa

Material

Strength
(MPa)
4000
1000

Strain
(%)
35
5

Dragline silk
Minor Ampullate
silk
Flagelliform
1000
>200
Tubiliform silk
1000
20
Bombyx mori silk
600
20
Kevlar 49
3600
5
Rubber
50
850
Tendon
150
5
Bone
160
3
a
Data from Gosline1, Lewis2, Altman3

of several spider silks along with other
common materials. The combination of
high tensile strength and
elasticity/extension make dragline silk a
desirable material for many applications in
several different fields3–6.
Spider silk has several other unique

properties. The silk fiber has been shown in several studies to be biocompatible3,7.
Fibroblast cells, osteocytes, and mammalian cells have all been grown on natural spider
silk fibers, synthetic and reconstituted spider and silkworm silk films, and in/on silk
hydrogels8–11. In many of these studies, the silk performed better than the control,
generally collagen, at promoting cell growth. In regards to osteocytes, studies have
shown that in addition to promoting cell proliferation, calcification was significantly
increased on modified silk films12. In addition to the cell growth studies, macrophage
responses have been studied in vitro with no elicited immune response12,13.
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Silk fibers and films can also be modified, at either the gene level or after the protein is
produced, to contain cell binding sites, such as the amino acid sequence RGD for
improved cell adhesion14. It was shown that the modified silk structures increased cell
proliferation and attachment more than the control substances, collagen and
polydimethylsiloxane (PDMS), and better than the silk by itself. In vivo studies have
shown that there is no significant immune response when spider silk was implanted into
rats13,15. In fact, in many of these studies, silk performed better than the materials
currently in use for wound closure/repairs. Research has shown that some silks can be
degraded by the body, making it a perfect candidate for tendon and ligament scaffolds,
sutures, and cellular matrices16. Spider silk protein has also been used in some
noteworthy studies with pharmaceuticals for drug delivery. Researchers used silk films to
store vaccines and found that they retained bioactivity longer than vaccines preserved
with current storage methods even when the vaccines were stored at warmer
temperatures, potentially eliminating the need for stringent storage requirements17. Spider
silk films have also been impregnated with pharmaceutically active compounds. It was
found that the slow biodegradation of the silk structures provided controlled drug
release10,18.
In 2012, a paper published by Huang et. al at Iowa State claimed that natural
dragline silk of N. clavipes has a thermal conductivity comparable with that of copper19.
Thermal conductivity is a measure of how well a material transfers heat. This discovery
would have opened spider silk to several other potential uses, primarily because silk is
roughly one-fourth the density of copper. This would have given silk the potential to be
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used in the place of copper to wick heat away from important components, reducing the
weight of satellites or in other applications where weight is an issue. However, Fuente et.
al studied the thermal conductivity of another orb weaver, Araneus diadematus, and
found the thermal diffusivity (another measure of how quickly heat moves through a
material) to be 400 times lower than the values reported by the group in Iowa20. Both
spiders are orb weavers and the differences in the genes which produce their silks are
minimal. Therefore, in collaboration with the Multiscale Thermophysical Laboratory at
USU, the thermal conductivity and diffusivity of natural N. clavipes silks and synthetic
silks was investigated. As is reported in Appendix D of this dissertation, the findings
were that the thermal conductivity of N. clavipes silk is similar to the values reported for
Araneus diadematus silk.

Spiders and Their
Silks
Over
millions of years,
orb weaving spiders
have evolved the
ability to make
complex webs for
prey capture2,21.
These webs are

Figure 1.1 - Diagram of a spider and the glands that produce each
25
type of silk, along with descriptions on the function of each silk
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made of several different types of silk, each with unique mechanical properties and each
produced in a different gland. In fact, orb weavers produce six types of silk and one glue,
as shown in Figure 1.122.
The silk produced by the major ampullate gland is often referred to as dragline
silk. Spiders constantly lay this silk down as they move in order to catch themselves
when they fall, hence the name dragline silk. Major ampullate silk also forms the
framework of the web. Dragline silk has the unique combination of elasticity along with a
high tensile strength, making it one of the toughest known materials. One of the unique
properties of dragline silk is its ability to “supercontract” when exposed to water,
meaning it loses approximately 25-40% of its length23–25. Since it is the most easily
collected and the strongest silk, it is also the most studied. Major ampullate silk is
composed of two different silk proteins: MaSp126 and MaSp227. Each of these proteins is
very large, around 250 kDa. MaSp1 and MaSp2 proteins can be divided into three parts:
the N-terminal, a massive repetitive unit, and the C-terminal. The gene sequences that
make up these two proteins are highly conserved across orb-weavers21,28. The N-terminal
is also a highly conserved sequence of dragline silk that contains several different
possible start codons29,30. The N-terminal contains a secretion signal that allows the
protein to leave the epithelial cells in the gland and travel into the lumen. The C-terminal
of dragline silk is important in the storage of the spider silk protein in the gland, before
the protein is formed into a fiber29,31. The repetitive portion of the dragline silk is the
major contributing factor to its unique physical properties.
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Tubuliform silk is produced by adult female spiders for only a short period in
their life when they are ready to lay their eggs. This silk provides the outer layer of the
egg sac and has very high tensile strength that protects the eggs from external forces32,33.
The inner layer of the egg sac is made of aciniform silk. Aciniform silk is also used by
orb weavers to wrap their prey. It is the weakest among the silk types in terms of tensile
strength, but has an extension that is the second highest among that of orb weaver silks, at
80%34.
Piriform is a specialized silk that is used for attachment or lashing35–37. Piriform is
the least studied silk but shows great promise as a potential biomimetic adhesive.
Piriform contains unique repetitive sequences whose functions and structures are
currently being studied.
Minor ampullate silk is often spun
along with a spider’s major ampullate silk.
It provides a scaffold and helps to
reinforce a spider’s web. Minor ampullate
silk, unlike major silk, does not
“supercontract” when exposed to water38.
In terms of toughness, minor ampullate
silk is the weakest of a spider’s silks.
Genetically, minor ampullate silk contains
Figure 1.2 - X-ray diffraction pattern for Nephila

a unique spacer sequence that has yet to be Clavipes dragline silk46
characterized39.
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Other than major ampullate silk, flagelliform is the most studied silk40–42. This
highly elastic silk forms the capture spiral of the web. It combines high strength with high
elongation. This elongation serves to absorb the energy of flying insects as they hit the
web. Flagelliform is also the largest silk protein, with a size of approximately 320 kDa or
more.
Characterization of Silk
Early studies by Tillinghast and Work25,43,44 showed that dragline silk was a large
protein that had an unusually high percentage of glycine and alanine, more than 50%
collectively. Over 90% of the sequence of dragline silk is made up of only six amino
acids: glycine, alanine, glutamine, serine, proline, and arginine44. It was not until the late
1980s and early 1990s that the genetic sequences of dragline silk proteins were
determined. These studies showed that silk was a modular fiber, with distinct motifs
repeated26,27.
There are three different structural motifs in spider silk: beta-sheets, beta-spirals
and glycine-II helices45. Beta-sheets are prevalent in most silks. In dragline silk these
sheets are made of poly-alanine sequences, either An or (GA)n. This structural motif is
perhaps the most studied. Using X-ray diffraction, researchers have found spider silk
contains an oriented, highly crystalline region46–49. Figure 1.2 shows an X-ray diffraction
pattern for natural Nephila claivipes major ampullate silk46. The intense regions at the
(120) and (200) reflections are used in calculating the size of crystalline structures, the
percent crystallinity, and the orientation of the crystalline regions with respect to the fiber
axis. Researchers have found that spider silk is roughly 28% crystalline and has an
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orientation factor of 0.98, with 1.0 being perfectly oriented46. Using NMR50–53, Raman
spectroscopy54,55, XRD46–49, and FTIR56, this highly crystalline region was attributed to
the beta-sheet motif. Beta-sheets are therefore mainly responsible for the high tensile
strength of spider silks.
The second important structural motif found in dragline silk is the beta-spiral.
Beta-spirals make up much of the non-crystalline region of spider silk fibers40,42,45. Using
molecular modeling, researchers have determined that beta-spirals form what appear to
be spring-like helices that are believed to give spider silk much of its elasticity and
extension. NMR data confirms the structure of proline in this conformation45. This motif
is found only as a major component in MaSp2 and flagelliform proteins. The amino acid
sequence for beta-spirals is GPGXX, with XX usually being GY or QQ in MaSp 2 and
GY, GS, or GA in flagelliform. This five amino acid sequence forms beta turns and
several linked together form the beta-spirals. Aciniform silk is also very elastic, but has a
different proline sequence34.
The third motif that is commonly found in spider silks is the GGX motif40,45. This
motif is found in MaSp2, minor ampullate silk and flagelliform. It is the least studied in
the spider silk literature. It appears from NMR50 data that the GGX motif forms a
glycine-II helix, which would add to the tensile strength of silk fibers, although its precise
function is still not known.
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Natural Fiber Synthesis
Spiders form silk protein in specialized glands that feed into spinnerets that the
back legs of a spider can grab and pull out as a fiber57–59. Figure 1.3 shows a simplified
diagram of a spider’s major ampullate gland. Cells in the tail of the gland are specialized
cells that produce large amounts
of spider silk protein that are
secreted into the lumen. These
specialized cells are tall columnar
cells that have a specialized golgi
apparatus60. The protein is then
Figure 1.3 - Diagram of a spider silk gland

2

stored in the lumen of the gland at
ambient temperature and in an

aqueous environment. When a spider pulls on the silk at the spinneret, liquid from the
lumen is forced into an S-shaped duct. While moving down this duct, the fluid is
transformed from a liquid solution into a solid fiber in as little as 50 milliseconds. The
most popular theory on this sudden transformation is that the silk protein is stored in the
lumen in a micelle-like structure61, allowing it to stay soluble in an aqueous solution.
When the protein is forced down the duct, shear forces act on the protein, forcing
individual protein strands together, causing them to interact and form the solid spider silk
fiber while water is extracted62. In rheological tests63–65, the spinning dope stored in the
lumen was shown to increase dramatically in viscosity when shear forces were applied.
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Along the duct, there is a slight pH drop, from 6.6 to 6.329,63,66. Additionally,
potassium and phosphate ions can be found in the duct, while sodium and chloride ions
are removed, suggesting an ion exchange in the duct66. It has been theorized that, along
with shear forces, pH shifts and the exchange of ions are also necessary for correct fiber
formation. However, synthetic silk protein and reconstituted silk fibers have both been
formed into fibers successfully without a pH shift or ion exchange67–71. Other researchers
have stated that in order to correctly form recombinant spider silk fibers, the terminal
ends of the protein must be included29,72. However, researchers have formed synthetic
fibers without the conserved C- and N-terminals22,67–70,73 although they may play an
important role in the natural fiber spinning process.
Synthetic Fiber Formation
Spiders cannot be farmed for their silk because they are cannibalistic and
territorial. The most reasonable alternative for producing dragline silk fibers is to utilize
genetic engineering to produce the proteins in a foreign host, then spinning the fiber in
vitro. Spider silk genes have been expressed using either an exact copy of the spider’s
gene sequence or by taking the genetic sequence for the silk’s structural motifs and
constructing a novel spider silk-like protein. These sequences have been successfully
expressed in a variety of organisms including bacteria69,70,74–78, mammalian cells79, Sf9
insect cells78, Bombyx mori80, potato and tobacco plants81, goats82,83, and yeast84. Many of
these synthetic silk proteins have been produced in sufficient quantities to create fibers,
films, and gels.
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In order to create materials from synthetic spider silk protein, the protein must
first be processed. After collection and purification, recombinant spider silk protein is a
powder that is generally insoluble in water69. This protein can be dissolved, generally
using a chaotropic agent such as 1,1,1,3,3,3,-hexafluoro-2-proponal (HFIP) or 9M lithium
bromide, to make a highly viscous spin dope. Two methods for creating aqueous spin
dopes have recently been published. Heidebrecht et. al employed a method using several
dialysis steps to create a spin dope85.
Tucker et. al used heat and pressure to
solubilize recombinant spider silk protein
into an aqueous solution82.
Synthetic spider silk fibers have
primarily been produced in two ways:
wet-spinning and electrospinning73,86,87.
Figure 1.4 - Diagram of a typical electrospinning

Electrospinning is a newer technology that process73
has been used to create polymer mats that

are composed of numerous nano-sized fibers. These mats are produced by applying a
large positive voltage (10-25 kV) to a needle loaded with liquid polymer that is a short
distance from a plate or rotating drum that is negatively charged (Figure 1.4). The
electromagnetic force pulls the polymer solution to the plate or drum, forming nanofibers
as it is pulled along. This method for spider silk production has the capacity to form fiber
mats that could be used in for cell scaffolds and other tissue engineering applications.
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Wet-spinning is the extrusion of a spin dope into a coagulation bath. For spider
silk, the silk is extruded through a fine needle into an alcohol bath. The shear forces
acting in the needle as the dope is extruded, coupled with the extraction of the liquid
solvent by the coagulation bath, allow for the formation of fibers69.
Table 1.2- Mechanical properties of synthetic spider silk
fibers when a hand post-spin draw (PSD) is applied as-spun
and without post-spin treatment
Tensile
Author and
Post-Spin
State
Strength
Strain (%)
Citation
Method
(MPa)
As
35.6
3.1
Spun
67
An et. al
3x, 75%
22.8 ±
PSD
132.5 ± 32%
IPA
179%
As
16.2
3.1
Spun
An et. al68
3x, 75%
26.6 ±
PSD
28.1 ± 29%
IPA
25%
As
28.4
1.7
Spun
Teulé et.al70
3x, 75%
18.7 ±
PSD
101.7 ± 10%
IPA
74%
As
10.4
1.5
Spun
Albertson
et. al89
4x, 85%
22.0 ±
PSD
27.1 ± 46%
IPA
118%
As
13
6
Heidebrecht Spun
et. al85
6x, 75%
PSD
370 ± 16%
110 ± 23%
IPA
As
26.3
0.7
Adrianos et. Spun
al90
3x, 80%
84.5 ±
PSD
150.6 ± 21%
IPA
27%
As
49.9
1.3
Rothfuss &
Spun
Copeland,
3x, 80%
unpublished PSD
188.1 ± 22%
37 ± 42%
IPA

In general, the initial
synthetic fibers are weak and
brittle. XRD of extruded fibers
shows some crystalline
structure in the fiber, but it is
not oriented70. However, using
a post-spin draw on fibers can
greatly increase their
mechanical properties67,70,88.
Table 1.2 shows the data on
the effects of post-spin draws
on synthetic silk fibers from
other researchers. To apply a
post-spin draw, the fiber is
immersed in solvent, generally

aqueous isopropanol or methanol, and then stretched. This process increases the
mechanical properties of the fibers by increasing the degree of crystallinity in the fibers
and orienting these crystals parallel to the fiber axis. In the literature and in the beginning
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stages of the work presented in this dissertation, post-spin draws have been applied by
hand to the fibers after spinning. Table 1.2 shows the results from several publications on
the effect of performing a post-spin draw on as-spun fibers. Substantial variability can be
seen in the mechanical properties of synthetic spider silk fibers when a stretch is
performed (see Table 1.2). This variability could be the result of issues with protein
quality, error in sample preparation or testing, the difficulty in performing these stretches
by hand on multiple fibers, or a combination of any of these possibilities. As will be
shown later, the variability seen in synthetic spider silk fibers is substantially reduced
when the mechanical process developed for this dissertation is used.
In order to use synthetic spider silk for the types of commercial applications
discussed previously, fibers must be spun and then a post-spin draw must be applied
mechanically. It is not feasible to hand-stretch spider silk at a commercial level. Ideally, a
system that can create fibers having improved and more consistent mechanical properties
as compared to hand stretched fibers is desired and is the focus of this dissertation.
Research Aims
There were two primary aims of this research. The first aim was to create a
mechanical system that can spin synthetic spider silk fibers from recombinant spider silk
protein produced by transgenic goats. The fibers produced with this system needed to
have mechanical properties as good as or better than hand-stretched fibers reported
previously (see Table 1.2). It was desirable for the fibers to have less variability than
those in published studies, equivalent to the low variability seen in commercially
produced polymers. Ultimately, this process needed to be one that could be adapted to a
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commercial level. The second aim of this research was to gain an understanding of how
processing parameters affect the mechanical properties of silk. This would allow
researchers to modify the properties of synthetic fibers in two ways: altering the genetic
code and changing production parameters, such as stretch, stretch bath composition, dope
additives, different silk protein ratio, etc. If possible, this same approach would be
applied to various protein constructs.
The process, outlined herein, is the first of its kind to produce synthetic spider silk
mechanically, without the need for tedious hand stretching techniques and a nonprovisional patent has been applied for. The fibers created have consistent properties,
with as good or better standard deviations than currently used industrial fibers. By
changing the processing method used to create synthetic spider silk, the mechanical
properties can be consistently and predictably altered to fit the needs of the end-user. This
innovative approach of creating tunable spider silk fibers by changing the genetic code
for the protein and the spinning process, allows for the creation of biomaterials for any
number of applications.
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CHAPTER 2
DESIGN OF A CUSTOM SPINNING MACHINE FOR THE PRODUCTION OF
SINGLE AND MULTIPLE FIBERS
This chapter details the design process of the custom spinning machine created to
spin synthetic silk as well as the various designs attempted to spin multiple fibers
simultaneously.
Background
Spiders produce spider silk proteins using specialized glands. These glands
produce spider silk proteins and store them in the gland’s storage area, known as the
lumen, in an aqueous state at room temperature until the silk is needed. The lumen of the
major ampullate gland, the best studied, is connected to a spinneret via an S-shaped duct.
As the protein moves through this duct, shear forces on the proteins cause them to align
and transition from a liquid to a solid1,2.
However, creating artificial spider silk fibers cannot work by the same process.
First, the spider silk protein is produced by another host organism: bacteria, goats, alfalfa,
or yeast. When purified, this protein is not in the same state as the protein stored in the
lumen of the spider’s gland, nor is it water soluble unless heat and pressure are applied.
After the protein is solubilized by heat and pressure or by using chaotropic solvents such
as HFIP, the protein must then be extruded. This can be done with a simple extrusion
pump and has been used in several publications3,4. For the early studies presented in this
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(A)

dissertation, a modified
extruder originally designed
for plastic or polymer
extrusion was used.
The DACA Spinline
Previously, a
modified DACA SpinLine

(B)

system was used, as seen in
Figure 2.1, to spin synthetic
spider silk fibers.
According to DACA
Instruments, the SpinLine is

Figure 2.1 – The DACA system A) The original DACA system. B)
The modified system

a “multipurpose instrument
designed to orient small

quantities of polymer fibers in a precise and controlled way”5. The extruder could be
programmed to move at a desired speed, and the first Godet could be programmed to
rotate at a custom speed independent of the extruder speed. This allowed for controlled
extrusion and collection of fibers from a variety of spin dope viscosities. The second
Godet was programmed relative to the first Godet’s speed. This allowed fibers to be
stretched in between the two Godets, a common practice in polymer manufacturing6–8.
The DACA SpinLine was purchased by Nexia Technologies, the company that,
with the Lewis laboratory, created the transgenic goats. Nexia’s engineers modified the
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Godet wheels, which on the original design were a single drum, to a three-drum Godet
system (see Figure 2.1B). Furthermore, the Godet drums were designed with an indent –
as seen in Figure 2.2 – to allow for a bath to fit underneath the Godet wheel and allow the
drum to be partially submerged. The Lewis laboratory obtained this modified DACA
system from Nexia in 2007, the same year the goats were acquired. This system was used
to spin fibers for several publications9–13. However, only the extrusion and winding
portion of the system was used; the mechanical stretching abilities of the machine were
not employed.
While useful for performing simple bench-top experiments, the programming and
function of the DACA was limited: the SpinLine could not be controlled by an
independent computer operating system; the handheld controller was limited in its
functionality; the winding station was programmed to rotate so that only an 80mm spool
could be used after the second set of Godets; the diameter could not be changed; the
speed of the winder could be increased, but only by
0.001mm/min at a time. This was programmed into the
winder so that as material was collected and the radius
of the drum increased, the speed could be slightly
increased. Controlling multiple variables on a single
spin required the use of a lengthy software menu that, if
not correctly navigated while changing parameters,
would prematurely shut off the system.

Figure 2.2 – Indent built into
DACA Godet drums to allow the
placement of a bath underneath
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Initially, the goal
was to use the DACA
SpinLine to extrude and
stretch fibers
simultaneously.
Experiments were
performed using stretch
baths, and multiple variables
were tested. First, the

Figure 2.3 – Diagram of the custom built Godet in order to
perform a double stretch with the DACA SpinLine.

solution the fibers were to be stretched in and the configuration of the baths were
delineated. Next, multiple lengths of baths were constructed to fit under the Godets,
ranging from 10” (the shortest distance possible while the two Godets were right next to
each other) to 48”. It was found that optimal bath length was linked to the amount of
water in the stretch bath solution; with a higher water-to-solvent ratio, shorter baths could
be used. To produce fibers with the highest tensile strength, it was found that a bath
length of 24” was ideal. Aligning the Godets for these experiments proved to be difficult.
The Godets had to be physically lifted and moved to a new position and then a thin, metal
measuring stick was used to assure that the indents of the two Godets were aligned. If
there was a misalignment, then the drums of the Godet would grind into the bath,
damaging them and causing the machine to shut down.
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Expansion of the DACA Spinline
Further research showed that a double stretch, the first occurring in an alcohol
solution and the second in water, generated substantially better fiber mechanical
properties. To perform a double stretch, the DACA had to be modified again. It was
decided that a
custom third
Godet would
need to be built.
After analyzing
the hardware
Figure 2.4 – The DACA Spinline with custom Godet. With the system like this,
the custom Godet is considered the first Godet and the DACA Godets as the
second and third.

and software of
the DACA, it

was decided that the third Godet would need to be independent of the DACA. This
custom Godet would be placed before the DACA’s first Godet. The speed would be
independently programmed, and then the speed of the DACA would be programmed to
match. In order to spin all three drums at a speed slow enough to match the rate of
extrusion, a rotisserie motor was purchased. Other available commercial motors within
the allotted budget had minimum speeds significantly higher than the process required.
The drums, faceplate, and gears were designed and then custom-machined by Rad Cam
Inc (see Figure 2.3). The power source for the motor was a BK Precision 1785B
Programmable DC Power Supply. The power supply had 16 programmable buttons for
quick voltage changes. Figure 2.4 shows the system with the custom Godet now placed as
the first Godet (far left in Fig. 2.4).
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The DACA Spinline used m/min as its unit of speed. The speed was converted to
seconds per rotation (SPR), the total time it took for the drum to rotate 360°. The
relationship between m/min and SPR was a power function, y=15.58x-1.012, with y being
m/min and x being SPR. The SPR for the custom Godet was measured each time before
using the DACA, and this data was used in correlation with the SPR for the DACA
SpinLine to synchronize the new three Godet process. Table 2.1 shows an example of the
calibration table that was used. Tests were performed to ensure that, after the power
supply was turned on and a set voltage was supplied to the custom Godet motor, the
motor would continue to spin at the same speed. The SPR were recorded when the motor
Table 2.1 – An example of the calibration table that was used to
synchronize the custom Godet with the DACA Spinline. This voltage
needed was calculated using a power function generated by finding the
SPR for the custom Godet and matching it to the DACA’s power function.
DACA Average
1.5X
2X
2.5X
3X
4X
Voltage
M/min
SPR
M/min M/min M/min M/min M/min
2.74
0.6
25.55
0.88
1.18
1.48
1.78
2.39
2.83

0.65

23.8

0.95

1.27

1.59

1.92

2.56

2.95

0.7

21.8

1.04

1.39

1.74

2.09

2.80

3.04

0.75

20.45

1.11

1.48

1.86

2.23

2.99

3.14

0.8

18.95

1.20

1.60

2.01

2.41

3.23

first started, and
then the SPR were
recorded every hour
for three hours. This
was tested multiple
times, and the

consistency of the speed at a given voltage was confirmed. During these tests, it was
discovered that on start-up of the machine, the SPR at a given voltage were not always
the same. This meant that before each use, the custom Godet needed to be synced with
the DACA Spinline, a process that generally took about 30 minutes.
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Design of a Custom Spinning Machine
While the custom Godet worked well for many experiments, the system was
difficult to operate and limited in its capabilities. A new spinning machine was required.
The new spinning machine needed the following specifications:
•

The system required three Godets with the ability to change the speed of each
one, preferably with the second and third Godets moving at a multiplier of the
first.

•

Each drum needed to be able to be independently positioned. Whereas the DACA
Spinline had the three drums of each Godet in a set configuration, it was
desirable to be able to move the Godet drums not only to increase the time a fiber
spent outside of a bath and to give time and space for a heater to dry the fiber, but
also to be able to insert differently sized baths into the system with ease.

•

The extruder needed to be easily set into a starting position, preferably with the
user being able to see when the piston was in place. The DACA SpinLine had an
enclosed canister in which the Hamilton syringes sat, making it impossible to see
when the piston was in place. This meant that every time the machine was used,
the piston had to be removed and the starting position marked.

•

The third Godet needed to employ a drum that curved to an inward point, like a
V. This would force multiple fibers to come together at the end of the system to
form a single yarn. The angle chosen for the V shape was 140°.
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•

Ideally, the machine would have a small tensiometer in the system. This could
inform the user of the maximum amount of tension that could be applied to the
fiber through stretching, allowing for fewer breaks while spinning.

•

Pressure sensors needed to be added to the extruder in order to warn the user that
there was no more spin dope left and that the needle was being put under pressure
or that a blockage in the extrusion had occurred and the system needed to be shut
off. Ideally, a pressure limit could be input by the user and, upon reaching that
limit, the piston would stop moving.

•

A sensor could be attached that would not allow the piston extruder to move past
a user-determined limit.

•

A different extrusion needle was needed. Using the Hamilton syringes required
customizing the ferrule and cap of the syringes to fit with the PEEK tubing used
for extrusion before use in the DACA. A metal syringe (to eliminate accidental
breakage) that could extrude the spin dope without the need to customize the
syringes before use was desired.

•

The system needed a built-in microscope after the second stretch. It has been
observed that the thinner the fiber is, the stronger it tends to be. An inline
microscope would give the user an idea as to the how the fiber might perform and
enable the user to change settings during spinning to minimize fiber diameter and
maximize the optical clarity of the fiber.
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•

The system needed to accommodate different sized spools, allow the user to input
the diameter of the spool, and have the program calculate the speed at which the
winder needed to rotate.

•

The user needed to be able to easily and quickly adjust the winder speed. The
DACA Spinline could only increase or decrease the speed of the winder by
0.001mm/min. It was desired to be able to increase or decrease the speed as a
percentage of the speed of the third Godet.

•

The system needed to include heating lights or elements for which the
temperature could be easily adjusted during the spin.

•

The system needed to be controlled with a computer rather than a dedicated
controller. This would allow for easy input and the ability to fit all the spinning
controls (extruder speed, first Godet speed, second and third Godet stretch ratios,
and winder stations) on one screen.

•

Ideally, two touch screen monitors would be placed on the system, one near the
piston extruder to allow a user to monitor and control the extrusion rate, and
another at the end of the system for a second user to control the stretch ratios and
the winder.

•

A thermometer that could be inserted into the baths and display the temperature
on the screens was desirable.

•

A multi-fiber extrusion head was also to be designed that could fit into the
extrusion system.
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•

It was desired that the system be constructed of easily obtainable parts, so that, in
the case of equipment breakdown, the parts could be easily acquired and
replaced.
During construction, the design was reviewed and several changes were made to

the machine, including how the winder stations would work and the size of the Godet
drums. When a working prototype of the software was ready, time was spent inspecting

Figure 2.5 – Photo of the USU Custom Spinning Machine.

it. Changes were made to how the extruder was tied to Godet speed and how the speed of
the Godets was controlled, and including sliders that could change the stretch ratio. The
new system is shown in Figure 2.5. After several weeks of use, errors were found in the
software and hardware. Software errors were fixed by the programmer at Constellation
Laboratories. Mechanical changes were made to the system, most notably inserting
different types of fuses. After these changes were made, the system ran as intended.
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Multi-Fiber Spinning
After several attempts to spin multiple fibers at once, a system of tubing was
used with parts originally designed for chromatography systems to spin multiple fiber
bundles. This system, although limited and somewhat cumbersome to put together,

A

B

C

D

Figure 2.6 – SEM images of 8 fiber bundles produced using chromatography plumbing for the spinning
head and spun using the modified procedure to prevent fusing. A) Fiber diameters are measured using
SEM software and the average diameters are comparable with what is seen when spinning one fiber at a
time. B) The ribbon structure adopted by the yarn can be seen here and is most likely a result of the
comb structure keeping the fibers apart during the spinning process. C) Fibers were broken with
tweezers and imaged. It is apparent here that the fibers are staying in pairs even when broken. D) A
close-up of the fiber break points. There seems to be some fusing between fiber pairs.

worked well for the spinning of eight fibers at a time. Initially these multi-fiber bundles
were difficult to work with due fusing of the fibers. Fibers would fuse internally in the
bundle and, as the fiber was collected on the spool, the yarn would fuse together. The
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mechanical properties of these bundles were below what was expected. The hypothesis
was that internal fusing causes some fibers to not stretch properly, possibly causing the
decrease in mechanical properties seen. To address this fusing, a special comb was made
of polylactic acid (PLA) using a 3D printer that kept the fibers in four groups of two
fibers, rather than a bundle of eight. Fibers would only come together into a bundle of 8
fibers at the third Godet. The fusing of the yarn to itself on the spool made it impossible
to remove the yarn without it continually breaking. This fusing occurred when the fiber
bundles, still wet from the stretch baths, came into contact with one another on the spool.
To prevent this, changes to spinning protocol had to be made. First, the spool was moved
62cm, the farthest the electronics would allow, further away from the last Godet to allow
more time for the fibers to dry before being collected. Heat lamps were placed over the
silk on its way to the spool. Also a small desk fan was placed by the spool to further help
drying. Yarn produced with this modification did not fuse to itself on the spool and was
easily removed. Additionally, the mechanical properties of these fibers were closer to the
expected values. SEM images of the fiber bundles can be seen in Figure 2.6.
The eight fiber bundles were too small and weak to be put through the electronic
knitting machines used by our collaborators at Drexel University. Given the tension the
knitting machines employ, it was determined that a bundle of 24 fibers would be
sufficient for their process. To accomplish this, the eight fiber bundles needed to be
spooled into groups of three to get 24 fiber bundles. A custom spooling process was
developed. The DACA SpinLine had the option to run just the winder, independent of the
rest of the system. This allowed us to use it to do our spooling. After many designs were
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considered, a custom base was made that allowed the
three 8-fiber spools to be placed on bearings in such a
way that all three spools spun together. Then, a small
tension gate was printed, again on a 3D printer, to
keep the bundle tight on the new spool. This set-up
allowed us make 24 fiber bundles which Drexel
University was able to make kitted swatches, seen in
Figure 2.7.
To eliminate the need for spooling the eight
fiber bundles, and to get closer to an industrially

Figure 2.7 – A swatch of
synthetic spider silk. Silk was
spun using the system described.
Knitting was done by Chelsea
Knittle at Drexel University.

adaptable system, a new 24-fiber spinning head is to be developed. This new head has
been designed and is being machined by the Space Dynamics Laboratory at Utah State
University. The advantage of working with their machine shop is that they possess the
ability to produce holes in the extruder head that are 0.010in. Additionally, their
laboratory has equipment that can be used to clean the nozzles, should cleaning them
become an issue. The approximate date for the construction of this design is the end of
2015.
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CHAPTER 3
DEVELOPMENT OF A PROCESS FOR THE SPINNING OF SYNTHETIC SPIDER
SILK
The following chapter was published in ACS Biomaterials Science and Engineering in
June of 2015. It is presented as it was in the original publication (ACS Biomaterials
Science & Engineering, DOI: 10.1021/acsbiomaterials.5b00092), so tables and figures
are numbered without reference to the dissertation chapter. Reproduction of this
publication was done with permission from the American Chemical Society
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CHAPTER 4
EXPLORING EFFECTS OF SPIN DOPE CONDITIONS ON MECHANICAL
PROPERTIES OF SYNTHETIC FIBERS
This chapter details several experiments on spin dope solvents, protein ratios, and
stretch ratios.
Introduction
Over millions of years, orb weaving spiders have evolved the ability to make
complex webs to capture prey1,2. These webs are made of several different types of silk,
each with unique mechanical properties and each produced in a different gland. Orb
weavers produce six types of silk and a glue3. The silk produced by the major ampullate
gland is often referred to as dragline silk. Orb weaving spiders lay this silk down as they
move in order to catch themselves when they fall, hence the name dragline silk.
Dragline silk has both high tensile strength and elasticity, making it one of the
toughest known materials4,5. It is the most studied silk, due to the ease at which it can be
collected and its presence in the web. Major ampullate silk is composed of two proteins:
MaSp16 and MaSp27. Each of these proteins is approximately 250 kDa. The amino acid
sequences that make up these two proteins are highly conserved across orb-weavers1,8.
Researchers have demonstrated that the C-terminal of dragline silk is important in the
storage of spider silk protein in the gland, before the protein is formed into a fiber9,10, and
it has been demonstrated to be important for correct fiber formation11. The N-terminal is
a highly conserved portion of dragline silk that contains several start codons9,12. The N-
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terminal contains a secretion signal that allows the protein to be exported from the protein
producing columnar epithelial cells and transported to the protein storage reservoir or
lumen of the gland12.
There are primarily three different structural motifs in the repetitive region of
dragline silk: beta-sheets, beta-spirals, and glycine-II helices13. Beta-sheets are prevalent
in both MaSp1 and 2 and are comprised of poly-alanine sequences, either An or (GA)n.
Using X-ray diffraction, researchers have identified that beta-sheets align parallel to the
fibers axis, with a highly crystalline structure14–17. Using NMR18–21, Raman
spectroscopy22,23 and FTIR24, this highly crystalline region was confirmed to be betasheets.
The second important structural motif found in dragline silk is the beta-spiral
which make up much of the so called amorphous region of the dragline silk13,25,26. Betaspirals form spring-like helices that give spider silk much of its elasticity and extension13.
This motif is found only as a major component of MaSp2 in dragline silk and in
flagelliform (capture spiral) silk. The amino acid sequence for beta-spirals is GPGXX,
with XX generally being GY or QQ in MaSp 2. Multiple repeats of this motif result in
the formation of beta spirals.
The GGX motif13,25 is the third motif found in spider silks. It appears, from
NMR18 data, that the GGX motif forms a glycine-II helix, which would add to the tensile
strength of silk fibers. This motif is the least studied in the spider silk literature, its
precise function and structure are still not known.

54

Spiders cannot be farmed for their silk because they are cannibalistic and
territorial. Therefore, an alternative route must be pursued to create usable quantities of
silk. The most reasonable alternative for producing dragline silk fibers is to utilize
genetic engineering to produce the proteins in a foreign host, then spinning a fiber in
vitro. Spider silk-like proteins have been expressed in a variety of organisms including
bacteria27–29, goats30–32, Sf9 insect cells33, and yeast34 to produce protein in sufficient
quantities to enable study.
A major challenge faced by researchers is creating spin dopes from recombinant
spider silk protein. Several methods exist for this purpose. Heidebrecht et al. have
employed a method using several dialysis steps to create an aqueous spin dope and then
hand spinning and stretching fibers11. Tucker et. al used heat and pressure to solubilize
recombinant spider silk protein into an aqueous solution and produce thin films30. Several
researchers have used hexafluoro-isopropanol (HFIP) to create a spin dope from
recombinant spider silk protein (rSSp)29,35–37. Regardless of solvation method, spin dopes
are extruded into an alcohol bath where they form into fibers, though electrospinning can
be employed also38,39. In general, the initial fibers produced (as-spun) in this manner are
weak and brittle until a post-spin draw is applied11,36,37,40,41. To apply a post-spin draw,
the fiber is immersed (generally in aqueous isopropanol or methanol) and then a defined
stretch is applied. The research efforts that have looked at the effects of post-spin draw
has done so by hand stretching these fibers11,36,37,40,42. This technique has produced fibers
with improved mechanical properties over as-spun fibers but suffer from a high degree of
variability due to the inherent inaccuracies of hand spinning and stretching. However, the
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process of creating spider silk fibers from produced proteins has yet to be optimized. In
this study, we present data on: the solvation ability of several different spin dopes, most
of them including HFIP, the fibers produced from several different spin dopes, the effect
of changing the ratio of rMaSp1 and rMaSp2, and the effects of different mechanical
methods for post-spin draw on the mechanical properties of fibers.
Materials and Methods
Spin dope preparation
Protein for spin dopes was produced and purified using methods previously
described30. Several dopes were created using various solvents and mixtures including,
namely HFIP (HFIP; Oakwood Chemical, West Columbia, SC), 88+% formic acid (Alfa
Aesar, Ward Hill, MA), acetic acid (VWR International, Radnor, PA), anhydrous toluene
(Sigma-Aldrich, St. Louis, MO), DI water, propionic acid (Alfa Aesar, Heysham,
England), dimethyl sulfoxide (DMSO)(Amresco, Solon, OH), zinc chloride (ZnCl)(
Amresco, Solon, OH), and isopropanol (IPA; Pharmco-Aaper, Brookfield, CT). For ZnCl
dopes, the ZnCl was added incrementally until the protein was solubilized, which
occurred once the molar concentration was 5.5M. Different ratios of rMaSP1 and
rMaSP2, as well as varying solvent mixture, solvent ratio, proteins’ ratio, and
concentration, were used for testing dope solubilization, fiber formation and mechanical
properties.
Purified silk protein powder was placed in a 4mL glass vial with a Teflon lid
(Waters Associates, Milford MA) and the chosen solvent mixture was added to the spider
silk protein to a concentration that was either 20 or 25% weight protein/volume solvent
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(wt/v). Vials were placed on a motorized rotator (Labnet, Edison NJ) and allowed to mix
for one week at 7rpm. Dopes that successfully solubilized the protein were then placed in
a clinical centrifuge (VWR International, Wehingen Germany) and spun for 24 hours at
4180rcf after which any impurities are removed from the top of the spin dope with a
cotton swab and the liquid dope transferred to a new vial. The ratio of rMaSp1 and
rMaSp2 analogs varied from dope to dope, as per the experimental parameters.
Spinning process
One of two spinning machines was used to spin the fibers. A modified DACA
SpinLine (DACA Instruments, Santa Barbara, CA), or a new custom spin machine built
in collaboration with Constellation Labs (Figure 4.1). When using the DACA SpinLine,
the spin dope is loaded into a 1mL Hamilton gas-tight syringe (Hamilton Company,
Reno, NV) that had approximately 10cm of PEEK tubing (internal diameter 0.005”)
(SUPELCO, Bellefonte, PA) as a needle. When using the custom spinning machine, the
spin dope was loaded into a 2.5mL stainless steel syringe with 1/8” SwagelokTM (KD
Scientific, Holliston, MA) with 10cm of PEEK tubing (internal diameter 0.005”)
(SUPELCO, Bellefonte,
PA) for a needle. The
dope is then extruded
into a 100% isopropanol
(Pharmo-Products Inc.,
Figure 4.1 - Picture of the custom spinning machine used to produce
synthetic spider silk fibers.

Brookfield CT)
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coagulation bath.
The fibers were submerged in an alcohol/ water bath between the first and second
Godets, as seen in Figure 4.1. The two Godets can be programmed to turn at different
speeds in order to stretch the fibers while they are immersed in the stretch-bath placed
between them. Alcohols that were used in the alcohol stretch-bath were either methanol
(Pharmo-Products Inc., Brookfield CT) or isopropanol. Both alcohol stretch-baths were
mixed with dDI (distilled, de-ionized) water, with methanol mixed at a ratio of 4:1 and
the isopropanol at a ratio of 7:3. Fibers were then submerged in the second bath, dDI
water, between the second and third set of Godets stretching the treated fiber a second
time.
Fiber testing and analysis
The synthetic silk fibers were tested using the procedure documented by Stauffer
et. al43. In short, each fiber was taken and attached with liquid Super Glue© to x-ray film
that was cut for testing purposes. The gauge length of the fiber was 19.1mm. Using a
Motic light microscope and supplied measuring software (Richmond, British Columbia,
Canada), the diameter of the fibers was obtained by measuring each sample nine times
along the length of the sample to get an average diameter. Then, the samples were loaded
into a MTS Synergy 100 (MTS Corporation, Eden Prairie, MN) test bed equipped with a
custom10g load cell (Transducer Techniques, Temecula, CA)37. Samples were pulled at
one of two speeds, 5mm/min or 250mm/min, until breaking and data accumulated at
120Hz for the 5mm/min and at 500Hz for 250mm/min. The slower testing speed was
used when comparing different stretch ratios using the same dope and for initial tests
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comparing MeOH and IPA baths. The faster testing speed was used in order to collect
data that could be applied to real-world applications. The recorded data was exported to
Microsoft Excel and MatLab for analysis of mechanical properties and basic statistics.
X-Ray Diffraction
Fibers were examined at the Advanced Photon Source at the Argonne National
Laboratory, Argonne IL, USA and X-ray fiber diffraction was performed on the BioCars
14bm-C beamline. Fibers were mounted and placed at a distance of 300mm from the
detector. Stretched fibers were placed with the stretched axis normal to the beam line. For
a single image, data collection times were 60 seconds and five images were taken for
each sample. Background images were taken immediately after each sample with
identical parameters. Images were then processed using Fit2D software.
Results and Discussion
Spin Dopes
Initially, 30 dopes were created using a variety of solvent mixtures. Of the 30
dopes tested, only eleven generated fibers with sufficient strength to perform post-spin
draw. Table 4.1 shows the dopes created and which ones produced a fiber that could be
collected, manipulated, and tested. All successful dopes contained HFIP. Water as an
additive in HFIP failed to spin fibers that could be collected and tested. Dopes that were
made with only a small percentage of HFIP or contained no HFIP failed to completely
dissolve the silk proteins, did not spin fibers, or made fibers that were too brittle to be

59
Table 4.1 - Formulation of the different spin dopes created and their ability
to dissolve protein, spin fibers and whether fibers produced could be
subjected to a post-spin draw. The majority of these spin dopes were
created with a protein ratio mimicking that found in nature, 4:136. For a
few of the dopes, the only available protein at the time was rMaSp2, these
are marked with an asterisk.
Spun
ProcessDope
Dope formula (v/v)
Dissolved
Fibers able Fibers
1
100% HFIP
Yes
Yes
Yes
2

80:20 HFIP:Water*

Yes

Yes

No

3

50:50 HFIP:Water*

Yes

Yes

No

4

30:70 HFIP:Water

Yes

Yes

No

5

100% Formic acid*

Yes

No

-

6

80:20 Formic Acid:Water*

No

-

-

7

50:50 Formic Acid:Water*

No

-

-

8

20:80 Formic Acid:Water*

No

-

-

9

90:10 HFIP:Formic Acid

Yes

Yes

Yes

10

80:20 HFIP:Formic Acid

Yes

Yes

Yes

11

50:50 HFIP:Formic Acid

Yes

Yes

Yes

12

20:80 HFIP:Formic Acid*

No

-

-

13

100% Acetic Acid

No

-

-

14

90:10 HFIP:Acetic Acid

Yes

Yes

Yes

15

80:20 HFIP:Acetic Acid

Yes

Yes

Yes

16

50:50 HFIP:Acetic Acid

No

-

-

17

100% Propionic Acid

No

-

-

18

90:10 HFIP:Propionic Acid

Yes

Yes

Yes

19

80:20 HFIP:Propionic Acid

Yes

Yes

Yes

20

50:50 HFIP:Propionic Acid

No

-

-

21

90:10 HFIP:IPA

Yes

Yes

Yes

22

50:50 HFIP:IPA

No

-

-

23

90:10 HFIP:Toluene

Yes

Yes

No

24

100% DMSO

No

-

-

25

90:10 HFIP:DMSO

No

-

-

26

80:20 HFIP:DMSO

No

-

-

27

5.56M ZnCl
55:25:20 Formic
Acid:Water:HFIP*
80:10:10 HFIP:Formic
Acid:Acetic Acid
70:15:15 HFIP:Formic
Acid:Acetic Acid

Yes

No

No

Yes

Yes

No

Yes

Yes

Yes

Yes

Yes

Yes

28
29
30

collected and
tested. Using less
HFIP in a dope
was preferable due
to the cost and
toxicity of HFIP
but these data
clearly show there
are limits to
decreasing HFIP.
Acetic vs Formic
vs Propionic Acids
Acetic,
formic, and
propionic acids all
produced fibers
that had
appreciable tensile
strength and strain
when stretched, see

Table 4.2. The ideal concentration of the acids was 20% v/v, when more acid was used,
the dopes did not produce fibers or even solubilize the protein. The ratio of rMaSp1 and
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rMaSp2 used in these tests was 4:1 rMaSp1:rMaSp2, the average that is found in the N.
clavipes spider44, though variation has been observed.
The rSSp solubilization time of each solvent was different. The 80:20
HFIP:Formic acid dope (FA) solubilized 4:1 rMaSp1:rMaSp2 protein mixture in 4-10
hours. The 80:20
HFIP:propionic acid dope

(A)

MeOH Ace vs Fa vs Pro

250

hours to solubilize. The
80:20 HFIP:acetic acid

Stress (MPa)

(PA) took between 24-48

200
150
100
50

dope (AA) took the longest

0

to solubilize, between 72

Acetic Acid

(B)

dopes tended to solubilize

strain curves for fibers

Stress (MPa)

representative stress vs.

the double stretch system

0.3

0.4

0.5

Formic Acid

Propionic Acid

IPA Ace vs Fa vs Pro

150
100
50
0

0

0.2

0.4

0.6

0.8

Strain (mm/mm)

produced from the AA,
FA, and PA dopes using

0.2

200

the protein in 48-72 hours.
Figure 4.2 shows

0.1

Strain (mm/mm)

and 120 hours. By
comparison, HFIP only

0

Acetic Acid

Formic Acid

Propionic Acid

Figure 4.2 - Stress vs. Strain curves for comparison of acetic, formic
and propionic acid spin dope solutions using (A) MeOH stretch baths
and (B) IPA stretch baths.
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with a 2X stretch in either 80:20 MeOH:water bath (MeOH bath) or 70:30 IPA:water
bath (IPA bath) as the first bath and a 2X stretch in DI water for a cumulative stretch of
4X its original length. The results of the MeOH bath and the IPA bath were similar to
those reported previously32, namely that the MeOH bath produces fibers which have a
high tensile strength, 220-250MPa, with average maximum strain ranging from 0.250.40mm/mm whereas the IPA bath produces fibers which have a higher strain, 0.560.69mm/mm, and lower tensile strength, between 150-185MPa. As can be seen in the

Table 4.2 - Mechanical properties of fibers made with AA, FA, and PA dopes and stretched in
either MeOH or IPA.
MeOH Stretched

IPA Stretched

Toughness
(MJ/m3)

Stress
(MPa)

Strain
(mm/
mm)

Young's
Modulus
(GPa)

Toughness
(MJ/m3)

Stress
(MPa)

Strain
(mm/
mm)

Young's
Modulus
(GPa)

Acetic
Acid

76

223

0.407

4.94

87

159

0.652

4.56

Std. Dev (%)

±14

±5

±10.9

±8.2%

±16

±6.9

±14

±12%

Formic
Acid

78

247

0.382

4.91

88

183

0.565

4.82

Std. Dev (%)

±15

±3.0

±13.3

±9.2%

±15

±6

±12

±8%

Propionic
Acid

48

220

0.259

4.75

92

156

0.685

4.41

±24.5

±7

±24.2

±5.9%

±24

±16

±23

±6%

Std. Dev (%)

charts in Figure 4.2 and Table 4.2, the Young’s Modulus of the fibers are nearly
identical, ranging from 4.41-4.94GPa. For the IPA bath stretched fibers, the yield point
occurs between 120 and 160 MPa, while the MeOH bath fibers reached the yield point
between 170 and 200 MPa. The behavior of the curves after the yield point was different.
IPA bath fibers dropped in tensile strength during a yielding phase, whereas, with the
exception of PA dope fibers, MeOH bath stretched fibers began to strain harden rather
than yield.
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Table 4.2 compares the average toughness, max stress and strain of fibers
produced with the AA, FA, and PA dopes. When stretched in the MeOH bath, the FA
dope fibers had the highest average tensile strength, 246MPa. The tensile strength of both
AA and PA dopes was similar, 222MPa and 220MPa respectively. However, the average
maximum strain of the AA dopes was the highest among MeOH fibers, 41%, whereas the
strain of the PA dopes was the lowest at 26%. The average max strain of the FA dope
fibers was similar to that of the AA dope fibers, at 38%. The shape of the PA dope fibers
when stretched in the MeOH bath was also slightly different, the yield point was
approximately 200MPa, followed by a dip in tensile strength before strain hardening (Fig.
2, panel A). When using the IPA bath, the FA dope once again produced fibers with the
highest tensile strength, 183 MPa with a strain of 57%. AA and PA dopes were
remarkably similar in shape of their mechanical testing curve and values, 159MPa with
65% strain for AA dope fibers and PA dope fibers had an average tensile strength of
156MPa with 69% strain.
Other Spin Dopes
Several of the other spin dopes were able to produce fibers that could be
stretched. However, the fibers from many of these dopes still had poor mechanical
properties after a post-spin draw. The 50:50 formic acid/HFIP fibers had a tensile
strength of 102MPa and a strain of 2.9%. The 90:10 HFIP:IPA solvent was used to create
dopes for a single stretch and for the double stretch system. With a single stretch of 3X
the fibers were brittle, with an average strain of 6% and a tensile strength of 90MPa.
After a double stretch of 2X2X, the 90:10 HFIP:IPA fibers had a tensile strength
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129MPa, better than after a single stretch of 3X, but the average strain was 5.3%,
equivalent to the strain after a single stretch. Due to the unremarkable mechanical
properties of all of these dopes and their fibers, they were not pursued further.
Stretch Ratios Comparison
A comparison of different stretches was done using the FA dopes with a 4:1 ratio
of rMaSp1 and rMaSp2. The stretches were 1.5X1.5X, 1.5X2X, 2X1.5X and 2X2X in
both the MeOH bath and IPA bath. The data from these experiments can be found in
Table 4.3 and Figure 4.3. As previously reported, as a fiber is increasingly post-spin
stretched, the tensile strength increases at the cost of strain32. The 1.5X2X and the
2X1.5X stretched fibers, in MeOH and IPA baths, have similar properties. Figure 4.3
shows the stress vs. strain curves for two representative fibers from both the1.5X2X and
2X1.5X in both

2X1.5X vs 1.5X2X
250

stretch baths. The

200

along with the
averages for the
mechanical
properties are
equivalent (p-value <
0.05).

Stress (MPa)

shapes of the curves,

150
100
50
0

0

0.1

1.5X2X MeOH

0.2

0.3

0.4

Strain (mm/mm)

2X1.5X MeOH

0.5

1.5X2X IPA

0.6

0.7

2X1.5X IPA

Figure 4.3 - Comparison of the 2X1.5X and 1.5X2X stretched fibers.
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A 2X2.5X stretch was attempted using the FA dope in both the MeOH and IPA
baths. The MeOH bath stretched fibers could not sustain the 2X2.5X stretch ratio for
longer than 8 meters. The IPA bath fibers could be gathered at the 2X2.5X stretch ratio

Table 4.3 - Comparison of different stretch
ratios in both MeOH and IPA stretch baths.
MeOH Stretched
Stress
Strain
Toughness
(MPa)
(mm/mm)
(MJ/m3)

without breaking, and could be stretched
up to 2X3X. However, the 2X3X stretch
consistently broke during spinning. The

1.5X1.5X

92

164

0.662

std.
dev(%)

28

15

19

102

222

0.560

average tensile strength of 225MPa and

13

5

12

average strain of 42.6%, similar to those

91

213

0.515

18

7

14

80

277

0.341

17

6

12

1.5X2X
std.
dev(%)

2X1.5X
std.
dev(%)

2X2X
std.
dev(%)

IPA Stretched
Stress
Strain
Toughness
(Mpa)
(mm/mm)
(MJ/m3)
1.5X1.5X

87

123

0.845

std.
dev(%)

30

9

26

79

146

0.641

18

16

17

68

138

0.578

28

8

25

88

183

0.565

15

6

12

81

225

0.426

16

4

16

1.5X2X
std.
dev(%)

2X1.5X
std.
dev(%)

2X2X
std.
dev(%)

2X2.5X
std.
dev(%)

2X2.5X IPA bath stretched fibers had an

found for MeOH fibers at 2X2X.
Differing Ratios of rMaSp1 and rMaSp2
In N. clavipes, the average ratio of
MaSp1 to MaSp2 is 4:1, though large
variations can occur45,46. However, in
Argiope aurantia, the ratio between the
two proteins is 2:38,47. The mechanical
properties and protein sequences of the
dragline silks from each species are
remarkably similar. The mechanical

properties of natural spider’s silks have large standard deviations2,48. There are several
possible factors for this, from variations of the protein ratios at different points in the
fiber, to variations in the size/shape of a spider’s gland to differences in the speed of
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extrusion. Due to the low variation in our synthetic spider silk fibers32, this study sought
to understand the relationship between the mechanical properties of synthetic silk and the
ratio between MaSp1 and MaSp2. For this, five spin dopes were created with varied
ratios of rMaSp1 and rMaSp2. The ratios used were 1:0, 4:1, 1:1, 1:4, and 0:1
rMaSp1:rMaSp2. These dopes were created with 20% v/v HFIP/acetic acid as the
solvent.

IPA:water Stretch Bath

Table 4.4 - Mechanical properties for fibers stretched 2X2X with
the first bath being either 70:30 IPA:water or 80:20
MeOH:water. Standard deviation is below the average.
rMaSp1
Stress
Strain
Diameter
Toughness
:rMaSp
(MPa) (mm/mm)
(µm)
(MJ/m3)
2
87
170
0.613
27
1:0
4:1
1:1
1:4

MeOH:water Stretch Bath

0:1
1:0
4:1
1:1
1:4
0:1

± 15%

± 10%

± 10%

± 2%

65

157

0.510

29

± 43%

± 18%

± 43%

± 9%

24

127

0.219

29

± 160%

± 10%

± 149%

± 2%

30

96

0.342

26

± 112%

± 15%

± 106%

± 4%

100

178

0.703

23

± 18%

± 9%

± 15%

± 3%

68

218

0.370

24

± 41%

± 19%

± 35%

± 2%

79

226

0.419

26

± 18%

± 6%

± 13%

± 3%

50

200

0.317

25

± 20%

± 15%

± 34%

± 7%

62

165

0.434

26

± 46%

± 14%

± 42%

± 3%

79

271

0.372

25

± 36%

± 16%

± 30%

± 1%

All five spin dopes
were successfully spun in
the new double stretch
system. Fibers from the
spins were mechanically
tested at a rate of
250mm/min. Table 4.4
demonstrates the
mechanical testing data
from all of the different
protein ratio spin dopes
when stretched 2X in the
first bath and 2X in the
second bath. When the
averages of all the different

protein ratios are averaged, the IPA:water-stretched fibers had a stress of 145MPa with a
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strain of 0.48mm/mm and a toughness of 61MJ/m3. The methanol-stretched fibers had an
average stress of 215MPa and a strain of 0.38mm/mm, which led to a toughness of
68MJ/m3. The difference between the two types of stretches can also be seen in XRD
images that were taken. Figure 4.4 shows the different 2d WAXD patterns for IPA:waterand MeOH:water-stretched fibers made from the same spin dope, the 4:1 ratio. It appears
in these images that the crystalline segments of the fiber have a higher degree of
orientation, as indicated by the intensity at the (120) and (200) reflections, along the fiber
axis in the MeOH:water-stretched fibers as compared to the IPA:water-stretched fibers.
This is the only instance where the XRD images of different groups of fibers differ in any
significant way.
Individually, the various rMaSp1:rMaSp2 ratios behaved differently than
expected. Due to the high amount of poly-alanine sequences in the repetitive region of
MaSp1, it was hypothesized that the fibers containing only rMaSp1 would have a higher
amount of crystallinity and therefore have the highest tensile strength among all of the
spin dopes created. It was also expected that, as rMaSp1 content went down and rMaSp2
content was increased, the fibers would exhibit higher strain while having decreased
tensile strength, due to the decreasing amount of poly-alanine sequences and the
inclusion of the GPGXX β-spiral. It was also hypothesized that this would be a roughly
linear relationship. The mechanical testing and XRD results, however, show no clear
pattern in the behavior of the fibers made from the different protein ratios.
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Statistical analysis was performed on the tensile strength and strain of fibers using
the statistics toolbox found in Microsoft Excel. The p-value limit for these tests was 0.05.
The IPA-stretched fibers fell into two statistical groups. The 1:0, 4:1, and 0:1 ratios of
rMaSp1 and rMaSp2 fibers were all statistically equivalent, while the 1:1 and 1:4 ratios
were poorer in comparison to the other ratios in the first statistical group but statistically
equivalent to each other. When stretched in MeOH:water, the ratios fell into three
different statistical groups. The 0:1 ratio statistically had a tensile strength of 271MPa,

A

B

higher than all other fibers.
The 1:0, 4:1, and 1:1 ratios
all fell into the same
group, with tensile
strengths ranging from
200-220MPa. Once again,

Figure 4.4 - WAXD images for A) an IPA stretched fiber and B) a
MeOH stretched fiber.

the 1:4 were inferior

mechanically, with a tensile strength of 165MPa, to all other fibers. If one assumes that
the 0:1 ratio of rMaSp1 and rMaSp2 produces fibers with the highest tensile strength and
toughness, then we may be able to explain why the 1:4 ratio showed the much lower
tensile strength shown above, it is possible that the small amount of rMaSp1 in these
fibers acts as a contaminant in the fiber, inhibiting the interactions between rMaSp2
proteins.
When analyzing the XRD results statistically, there are no significant differences
between any of the different protein ratios. There are not enough reflections to calculate
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the unit cell size of the crystalline section of the fiber and the orientation of the different
ratios is indistinguishable. There are several possibilities for this result. First, the spinning
of rSSp fibers is dissimilar from that of natural silk. This process may not be aligning the
β-sheets the same way as they are in natural silk fibers. Second, these fibers were made
with proteins that were 65kD long. Roughly one third of the length of this protein is
comprised of the non-repetitive C-terminal section of the protein. Forty kilodaltons of the
protein then comprises the repetitive region of the silk proteins, the sections responsible
for the mechanical properties of spider silks. In natural spider silks, the repetitive regions
are approximately 250KDa1,8. It is possible that the C-terminal sequence is interrupting
formation of crystalline structure found in silk fibers with shortened repetitive units. In
order to elucidate the impact that the different ratios of MaSp1 and MaSp2 have on the
mechanical properties of fibers more clearly, repetitive regions closer in length to natural
silks are likely to be required.
The results of this set of experiments show that, with the exception of 1:4
rMaSp1:rMaSp2, the mechanical properties of fibers made with different ratios of the
two dragline proteins are roughly equivalent in this system. This result correlates with
results reported in literature of the mechanical properties of different species of orb
weavers and individual spider specimens in which the ratio of MaSp1 and MaSp2 are
widely different but show similar mechanical properties8,47. However those reported
results may be due to the high standard deviations seen in natural silks. The results
reported here, with much lower standard deviations, could be due to the length of the
repetitive regions of these synthetic proteins, which are less than 20% as long as the
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repetitive regions of natural spider silk. It is likely that, once rSSp’s are made that are
closer in length to the natural silk proteins, the effects of MaSp1 and MaSp2 on fiber
mechanical properties, crystallinity, and alignment could be determined.
rMaSp2 Only Fibers (Acetic vs Formic vs Propionic)
Due to the high tensile strength of the rMaSp2 only fiber, it was used to further
explore the differences between AA, FA, and PA dopes. Table 4.5 shows the averages for
toughness, stress, and strain for AA, FA, and PA when using only rMaSp2. The fibers
were stretched 2X2X with either the MeOH bath or the IPA bath as the first stretch and
Table 4.5 - Comparison of rMaSp2 AA, FA, and PA dope fiber mechanical
properties.
rMaSp2 Only MeOH Stretched
Stress
Strain
Toughness
(MPa) (mm/mm)
(MJ/m3)
Acetic Acid
Std. Dev

Formic
Acid
Std. Dev

Propionic
Acid
Std. Dev

rMaSp2 Only IPA Stretched
Toughness Stress
Strain
(MJ/m3)
(MPa) (mm/mm)

87

284

0.407

100

178

0.703

±18%

±6%

±12%

±19%

±9%

±15%

68

293

0.298

92

162

0.704

±20%

±5%

±15%

±21%

±13%

±15%

73

226

0.404

75

156

0.553

±13%

±8%

±13%

±28%

±7%

±26%

DI water as
the second
stretch bath.
When using
MeOH as the
first stretch
bath, fibers

made from the FA dope also had the highest tensile strength, 293MPa, with an average
strain of 29.8%. The AA dope had a similar tensile strength, 284MPa, but had a higher
strain, 40.7%. PA dope had a similar strain to the AA dopes, 40.4%, but the stress was
lower, 226MPa. When the IPA bath was used the AA and FA had equivalent strain
values, 70.3% and 70.4% respectively, and similar stress values 178MPa and 162MPa
respectively which was similar to the other ratios where IPA led to increased strain and
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reduced stress. The PA dopes had lower tensile strength and strain values, 156MPa and
55.3%.
Conclusion
Of the spin dope solutions attempted, only those that were primarily solvated with
HFIP produced fibers that could be processed and had toughness values that were above
50MJ/m3. The solutions containing acetic, formic and propionic acid produced fibers
with the highest tensile strength. Formic acid as an additive to the HFIP consistently
produced fibers that outperformed other acids tested in terms of tensile strength, and had
the lowest solubilization time, 2-4 hours, while propionic acid had the lowest tensile
strength and strain. MeOH bath stretched fibers had higher tensile strengths, between
220MPa and 250MPa, but lower strains than IPA bath stretched fibers. However, the IPA
bath allowed for fibers to be collected at a higher stretch than the MeOH bath. When a
cumulative stretch of 3X was reached in the double stretch system, regardless of the
stretch order, the resulting FA 4:1 rMaSp1:rMaSp2 fibers had equivalent mechanical
properties and stress vs. strain curve shapes. The different ratios of rMaSp1 and rMaSp2
had differing results than hypothesized. The rMaSp2 only fibers performed the best, with
an average toughness of 79MJ/m3 when stretched in MeOH and 100MJ/m3 when
stretched in IPA. The 1:4 and 1:1 ratio fibers performing significantly worse than the
other ratios. When using rMaSp2 only, the same trends were seen in fibers when using
either acetic, formic and propionic acid dopes, formic acid having the highest tensile
strength and propionic acid having the lowest.
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CHAPTER 5
APPARATUS AND METHODS FOR PRODUCING FIBERS FROM PROTEINS
The following chapter is a provisional patent application based on work done during this
dissertation. It is presented here exactly as it was submitted to the US Patent office,
therefore tables and figures are numbered without reference to the dissertation chapter.
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CHAPTER 6
CURRENT PROJECTS, FUTURE WORK, ENGINEERING CRITERIA, AND
CONCLUSIONS
This chapter details plans for finishing immediate projects and collaborations, ideas for
what direction the research could go in the future and conclusions based on the aims and
achievements of the research presented in this dissertation.
Current/Future Work
Multi-Fiber Spinning
As mentioned in Chapter 2, a 24-fiber spinning head has been designed and will
be produced by the Space Dynamics Laboratory at Utah State University. The current
design for the head is seen in Figure 6.1. The design is similar to the one produced by
Rad Cam Inc. but with
several key differences.
First, rather than using
metal tubing that has been
sweated into the head, the
Figure 6.1 - Schematic of the new multi-fiber spinning head design.

holes are being
manufactured into the

piece. Channels are being made, as can be seen in the schematic, by serial reduction in
diameter. Second, the internal volume is being reduced. This is being done in an attempt
to even the pressure across the entire head. To accomplish this, the bottom half is being
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given a conical shape. Third, the inlet for the system is no longer being designed with
chromatography fittings. Syringes that use the Luer lock system were acquired, along
with connector parts and tubing, negating the need for the multiple plumbing pieces that
have been used previously. Additionally, this new standardized plumbing eliminates the
multiple diameter changes in the system, which is expected to further even the pressure.
This new design should allow for the simultaneous spinning of 24 fibers. This level of
production can produce the yarn needed for the creation of multiple prototypes.
Composites
Composite materials are used in several applications, from automobiles to
satellites. This is due to their strength and their relatively low weight. There is a push in
the industry to create composites that are made of “green” alternatives1. Now that
hundreds of meters of synthetic silk can be spun into yarns, composites made with
synthetic spider silk fibers and epoxy could be easily made. With the strength of silk and
the “green” nature of the material, these composites have the potential to replace
synthetic polymers in modern composite materials. Thomas Fronk, a professor in the
Mechanical Engineering department at USU, has years of experience in composites and
is excited at the prospect of using synthetic spider silk to create novel composite
materials. Additionally, Troy Munro, a PhD student under Dr. Heng Ban in the
Multiscale Thermophysical Laboratory at USU, has expressed interest in characterizing
the thermal properties of these composites. With these collaborators, spider silk
composites will be designed, constructed, and characterized.
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Bacterially Produced Protein Spinning
Most of the bacterial-based proteins are being devoted to the development of
aqueous spin dopes. Aqueous dopes use much lower protein concentrations for spinning
than the HFIP method. These aqueous dopes are proving to be a monumental
achievement for silk-based biomaterials, in addition to fibers forming films, coatings, and
gels. However, the fibers created from these dopes have yet to match the mechanical
properties of fibers created from dopes produced using HFIP. One reason for this could
be the configuration of the protein in the heated aqueous dope solution. Another reason
could be the viscosity of the aqueous spin dopes. Currently, the viscosity of aqueous spin
dopes is close to or exactly that of water, whereas the HFIP produced spin dopes are
much more viscous due to their higher concentration of protein. Whatever the reason, the
fibers coming out of the extruder tend to be fragile, breaking even if the bath is lightly
disturbed. In a laboratory setting, this issue can be overcome, but if the intention is to
commercially produce fibers with this method, then a method or additive needs to be
found that will allow for more robust spinning. In the meantime, creating dopes using the
methods described in this dissertation can be used to help discover which chimeric
proteins can produce fibers with the desired properties. Also, by applying similar
techniques to a variety of different constructs, a better understanding of how the different
gene motifs behave can be achieved.
Conclusions
This research project had two aims:
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•

Aim #1: Create a mechanical process that can spin synthetic spider silk fibers with
consistent mechanical properties.

•

Aim #2: Understand how processing parameters affect the mechanical properties
of synthetic spider fibers.

As outlined in the introduction of this dissertation, the process for creating synthetic
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Figure 6.2 - Comparison of (A) hand-drawn fibers that were produced and (B) mechanically stretched
fibers as part of this research.

several people but the fibers were weak and brittle unless stretched. The stretching was
performed by hand, a tedious and time consuming method which could only produce
small amounts (10-20cm) of synthetic silk with reasonable mechanical properties at a
time. The mechanical process I developed, detailed in Chapters Two and Three, increased
the mechanical properties of synthetic spider silks over those processed by hand and
allows for hundreds of meters of synthetic silk to be made at a time. Figure 6.2 shows a
comparison of fibers that were stretched by hand at the beginning of this research project
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and fibers produced using the mechanical process that is the topic of this dissertation. The
process I developed is the first of its kind to produce synthetic spider silk in a mechanical
method, without the need for tedious hand-stretching techniques. The synthetic silk fibers
created had consistent properties with as good or better standard deviations than
currently-used industrial polymers. A patent for this process has been submitted and its
development is the topic of a publication. With this, I believe that Aim #1 has been
satisfied.
While fine-tuning the system, it was discovered that different post-spin treatments
had large effects on the mechanical properties of synthetic fibers. It was believed that by
changing spider silk proteins at the genetic level, tunable fibers could be created, where
the properties of the fibers are changed based on which protein motifs are used. My
results show that a second level of customization and control is possible. By changing the
processing method used to create synthetic spider silk, the mechanical properties can be
altered. This approach of creating tunable silk fibers by changing the genetic code for the
protein and the spinning process allows for the creation of biomaterials for a wider
number of applications. To further aid in the customization of creating tunable fibers, a
custom spinning machine was designed, built, and tested. I believe the custom spinning
machine, along with its software, could be sold to other universities and research groups
looking to create synthetic fibers, be they from silk, cellulose, synthetic polymers, etc.
This could add another source of revenue to a spider silk company.
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Engineering Design Criteria and Feedback
In order to accomplish the second aim of this dissertation, several key aspects of
the spinning process needed be identified and the criteria for their success outlined. The
parameters for these processes were tested multiple times in several different iterations
until the best condition was found. Originally, the fiber spinning and post-spin draws
were done on the DACA SpinLine. However, this system had several limitations, as
explained in Chapter Two. A new system was required to fully explore and optimize the
spinning process and the details of the engineering design of the system are explained in
detail in Chapter Two. To summarize, this machine provided variable bath positions and
sizes, precise stretching conditions, and software that allowed for a number of
adjustments to be made during the spinning of fibers. Using the customized DACA
SpinLine and, later, the new custom spinning machine, several experiments were
performed in an attempt to understand and optimize the spinning process. The key
aspects of spinning that were identified are: spin dopes, the coagulation bath, the
stretching process, and scaling-up to multiple fibers. Presented below are summaries of
the results from many of these experiments. For a fuller list see the tables provided in the
Appendices A-C of this dissertation. All of these accomplishments fulfill the second aim
of this research dissertation.
1) Spin Dope – The criteria for a successful spin dope were: solubilization of
protein, production of process-able fibers and fibers created from dopes with
mechanical properties at least as good as current published data. Chapter Four
details the results from using 30 different spin dope solutions. To summarize,
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for successful fiber formation, HFIP needed to be the majority of the solution.
Formic, acetic and propionic acid produced fibers which performed better
than all other additives. The concentration of protein in the spin dopes was
also tested. From 5-35% w/v the protein would dissolve and could form a
fiber in the coagulation bath. Below 15% w/v the fibers were difficult to
process using the post spin double stretch system. Fibers with the best
mechanical properties and ease of use were produced when using a 25% w/v
spin dope. Additionally, the ratio of different spider silk proteins was tested,
and the results can be found in Chapter Four. The 4:1 ratio of rMaSp1 and
rMaSp2 and the rMaSp2 only ratios consistently produced fibers with the best
tensile strength and elongation.
2) Coagulation Bath – The criteria for the coagulation bath was to generate
proper fiber formation so the fiber then could be pulled from the coagulation
bath and processed through the rest of spinning process. In all, four different
coagulation baths were attempted. IPA, MeOH, 50:50 IPA:MeOH, and 70:30
IPA:MeOH. The IPA only bath was found to be best for all dopes produced
with the recombinant silk protein produced by Utah State University’s
transgenic goat herd. For recombinant silk proteins based on the sequence of
flagelliform silk produced in bacteria, it was found that the MeOH bath, which
made the silk fibers from the goat proteins too brittle to successfully process,
helped to stabilize the fibers and allow them to be processed without breaking
and thus was superior to IPA.
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Table 6.1 - The average max stress and strain of fibers processed
using different stretch bath compositions.
Max
Max
Bath 1
Bath 2
Strain
Strain
(MPa)
(mm/mm)
80:20 MeOH:Water
Water
247
0.382
70:30 IPA:Water

Water

183

0.565

60:40 IPA:Water

Water

161

0.238

50:50 IPA:Water

Water

122

0.354

2M Ammonium Sulfate

Water

203

0.224

2M Ammonium Sulfate
60ᵒC 2M Ammonium
Sulfate

50:50 IPA:Water

141

0.333

50:50 IPA:Water

244

0.209

230

0.348

80:20 MeOH:Water

26mM
Rhodamine B
90:10 Water:IPA

170

0.345

70:30 IPA:Water

1M KPO43

218

0.299

80:20 MeOH:Water

1M KPO43

137

0.588

1M KPO43
35:35:30
IPA:MeOH:Water
80:20 MeOH:Water

Water

Failed

Failed

Water

192

0.478

20% w/v ZnCl

Failed

Failed

0ᵒC 80:20 MeOH:Water

Water

Failed

Failed

0ᵒC 70:30 IPA:Water

Water

Failed

Failed

80:20 MeOH:Water

3) Stretching and Stretch Baths – The design criteria of stretch ratios and
stretch bath compositions was to maximize tensile strength, elongation or
toughness (depending on the need and application). Chapter Three covers the
development of the stretching process and how it evolved from a single bath
process to a two bath system with different bath compositions for each bath.
Chapter Three also covered some of the early stretch bath compositions that
were attempted. Table 6.1 shows the results from many of the different stretch
bath positions that were attempted with the double-stretch system. Though
many different stretch baths can be used to create synthetic spider silk fibers,
ultimately the 70:30 IPA:water bath and the 80:20 MeOH bath followed by
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water stretches were found to provide fibers with the best max stress and max
strain, while also being the easiest and most cost-effective to use. Different
stretch ratios were found to be possible and the amount of stretch the fibers
experienced during the system were directly related to the mechanical
properties of the fibers, as shown in Chapters Three and Four. Additionally,
during the development of the two-stretch and multiple-fiber-spinning
processes, several different bath lengths and the possible addition of heat
lamps to the process were all tested. Heat lamps did not add any significant
strength or elongation to the fibers, but did allow fibers from the less
concentrated dopes (15% w/v) to be manipulated more easily due to better
drying. As for bath lengths, the optimal length for single fiber production was
24 inches, but for multiple fiber spinning a longer length, 36 inches, was
optimal.
1) Multi-Fiber Spinning – Criteria for the formation of multiple fibers at a time
was to allow the thread to be created without fusing the individual fibers or
sticking to the spool and to maintain or exceed the mechanical properties seen
when spinning one fiber. Chapter Two explains the changes that had to be
made to the double-stretch system to accommodate the spinning of multiple
fibers simultaneously. In short, a longer stretch bath was needed to allow for
more time for the fibers to stretch and more time to dry was needed as well as
heat lamps and a small fan to aid drying and prevent fusion of individual
fibers.
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The work contained in this dissertation was done using recombinant spider silk
proteins produced in transgenic goats. Originally, it was expected that the system
developed would be used to produce synthetic fibers from different recombinant spider
silk proteins being developed by other researchers in the Lewis Spider Silk Lab.
Unfortunately, very few of these other fibers were produced using the process developed.
This was an issue of availability. Sufficient quantities of bacterial, plant, or new goatderived proteins have rarely been available for testing spinning procedures. Some
bacteria-based protein fibers have been made on the new spinning system. The FLYS4T
construct, a custom-made chimeric protein with motifs from flagelliform and dragline
silk gene sequences, was spun using the 8-fiber spinning system. However, most of these
spins have not been able to continuously spin enough fiber to be collected and tested. The
spin dopes created from these bacterial-based proteins often behave like spin dopes
created from goat protein that have a high salt concentration or contamination. This
suggests that the current level of purity from bacteria-based proteins is not high enough.
One experiment was run where a custom MaSp2 construct was dissolved in a spin dope
both before and after an additional purification step. The dope made before this step
could not be spun whereas the dope made with further purified protein was able to be
spun and collected. For further work in fibers, a higher level of purity than is currently
available needs to be achieved.
Due to unavailability of different spider silk proteins, focus was shifted to the
spinning of multiple fibers at once, in an attempt to make the process more commercially
viable. The attempts of this endeavor are largely detailed in Chapter Six and a new design
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was outlined above. In short, these endeavors have been successful. Currently, eight
fibers can be spun simultaneously. Synthetic spider silk yarn is currently being produced
with the intention of making a glove prototype, in collaboration with the knitting lab at
Drexel University. This technology is also being used to create yarns for use in
composites, thermal testing, and further characterization experiments. These exciting
developments hold the possibility for several future collaborations and innovations.
One of the eventual goals of synthetic spider silk fibers is to create fibers with the
same properties as natural spider dragline silk. I believe that one of the biggest reasons
that synthetic spider silk has yet to achieve the same mechanical properties of natural
spider silk is the length of the protein. Whether the molecular model where poly-alanine
sections of the protein fold in on themselves or the model that these sections pair up with
similar sections from other protein chains are used, a longer protein will facilitate the
creation of larger crystalline regions in the fiber. Currently several proteins are being
produced by the Lewis laboratory that are double and triple the size of the proteins
produced in transgenic goats. I look forward to seeing the results from fibers made using
the same procedures as the goat-derived protein and comparing the results. I believe that
this test will help the development of this technology for commercial use. In combination
with the advances made in spinning synthetic spider silk outlined in this dissertation,
these new fibers will be used in several applications.
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Ibrahim Hassounah, Ethan Abbott, Dan Gil, Cameron Copeland, Thomas Harris,
Sujatha Sampath, Justin Jones, Jeff Yarger, Randy Lewis. ”Enhancing the Mechanical
Properties of Nylon 66 Electrospun Yarns by Annealing and Addition of Spider Silk
Proteins.” (In progress, expected submission date Dec2015).
Cameron G Copeland, Brianne Bell, Chad Christensen and Randolph V Lewis.
“Exploring the Ratio of MaSp1 and MaSp2 in Synthetic Spider Silk Fibers.” (In
progress, expected submission date Dec2015).
Changhu Xing, Troy Munro, Colby Jensen, Benjamin White, Heng Ban, Cameron G
Copeland, and Randolph V Lewis. 2014. “Thermophysical Property Measurement of
Electrically Nonconductive Fibers by the Electrothermal Technique.” Measurement
Science and Technology (Nov 2014).
Changhu Xing, Troy Munro, Benjamin White, Heng Ban, Cameron G Copeland, and
Randolph V Lewis. “Thermophysical Properties of the Dragline Silk of Nephila Clavipes
Spider.” Polymer (Aug 2014).
Tucker, Chauncey, Justin A Jones, Heidi N Bringhurst, Cameron G Copeland, John
Bennett Addison, Warner S. Weber, and Jeffery L Yarger. “Mechanical and Physical
Properties of Recombinant Spider Silk Films Using Organic and Aqueous Solvents.”
Biomacromolecules (July 2014).
Posters, Presentations, Awards, and Certificates
•
•
•
•
•

Poster – “Producing Spider Silk Fibers” Rocky Mountain Bioengineering
Symposium, 2015
Best Oral Presentation, Intermountain Graduate Research Symposium, 2013
Outstanding Poster Abstract Award, Intermountain Graduate Research
Symposium, 2012
Graduate Mentor for 2012 Utah State iGEM team, Winner of best Bio-product
Worlds Division
Hands-on Training on Microbial Fermentation, Center for Integrated
Biosystems, 2011

Leadership and Volunteer Experience
Training Manager
Utah State IT Computer Labs, Logan, UT

2007-2010

166

Designed and conducted a training program on customer service and technical skills for
15-20 new employees per year along with advanced technical training for current
employees. Provided IT support to labs and personnel.
Biology, Chemistry and Math Tutor
Utah State University Library, Logan, UT/b
Tutored students on various topics and methods

2007-2010

Portuguese-speaking Volunteer
2004-2006
Religious Non-Profit, Brazil
Served in the states of Tocantins, Mato Grosso and the Federal District. Helped to rebuild
homes, teach, and provide support to Brazilian citizens.

